Background Long-term mortality after primary THA is lower than in the general population, but it is unknown whether this is also true after revision THA. Questions/Purposes We examined (1) long-term mortality according to reasons for revision after revision THA, and (2) relative mortality trends by age at surgery, years since surgery, and calendar year of surgery.
Methods This retrospective study included 5417 revision THAs performed in 4532 patients at a tertiary center between 1969 and 2011. Revision THAs were grouped by surgical indication in three categories: periprosthetic joint infections (938; 17%); fractures (646; 12%); and loosening, bearing wear, or dislocation (3833; 71%). Patients were followed up until death or December 31, 2016. The observed number of deaths in the revision THA cohort was compared with the expected number of deaths using standardized mortality ratios (SMRs) and Poisson regression models. The expected number of deaths was calculated assuming that the study cohort had the same calendar year, age, and sex-specific mortality rates as the United States general population. Results The overall age-and sex-adjusted mortality was slightly higher than the general population mortality (SMR, 1.09; 95% CI, 1.05-1.13; p < 0.001). There were significant differences across the three surgical indication subgroups. Compared with the general population mortality, patients who underwent revision THA for infection (SMR, 1.35; 95% CI, 1.24-1.48; p < 0.001) and fractures (SMR, 1.23; 95% CI, 1.11-1.37; p < 0.001) had significantly increased risk of death. Patients who underwent revision THA for aseptic loosening, wear, or dislocation had a mortality risk similar to that of the general population (SMR, 1.01; 95% CI, 0.96-1.06; p = 0.647). The relative mortality risk was highest in younger patients and declined with increasing age at surgery. Although the relative mortality risk among patients with aseptic indications was lower than that of the general population during the first year of surgery, the risk increased with time and got worse than that of the general population after approximately 8 to 10 years after surgery. Relative mortality risk improved with time after revision THA for aseptic loosening, wear, or dislocation. Conclusions Shifting mortality patterns several years after surgery and the excess mortality after revision THA for periprosthetic joint infections and fractures reinforce the One of the authors certifies that he (MPA), or a member of his immediate family, has or may receive payments or benefits, during the study period, an amount of USD 10,000-USD 100,000, from Stryker (Mahwah, NJ, USA). One of the authors certifies that he (DJB), or a member of his immediate family, has or may receive payments or benefits, during the study period, an amount of USD 10,000-USD 100,000, from Depuy (Warsaw, IN, USA). One of the authors certifies that he (DGL), or a member of his immediate family, has or may receive payments or benefits, during the study period, an amount of USD 10,000-USD 100,000, from Zimmer (Warsaw, IN, USA), and an amount of USD 10,000-USD 1000,000 from Pipeline Biomedical (Cedar Knolls, NJ, USA). All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research ® editors and board members are on file with the publication and can be viewed on request. Each author certifies that his or her institution approved the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. This work was performed at Mayo Clinic, Rochester MN, USA Introduction THA is associated with improved function and reduction in the risk of mortality, with numerous studies showing that patients having primary THA have a survival advantage relative to the general population during the first 5 to 8 postoperative years [1, 13, 14, 16, 18-20, 22, 24, 25] . Since the majority of primary THAs are elective, and patients typically are screened preoperatively for comorbid risks, the survival advantage likely represents selection of healthier individuals for surgery. Additionally, rates of utilization for THA vary across ethnic and socioeconomic groups, which also might contribute to this observed survival advantage [2, 8, 11, 21] . Nevertheless, one study that controlled for age, sex, race, comorbid diagnoses, and Medicare qualification found persistence of a survival advantage among patients undergoing primary THA, suggesting that factors such as postoperative improvement in functional status, decreases in use of pain medication, and perhaps the surgery itself also may offer some contribution [1] .
It is unclear whether the same survival advantage applies to revision THA, a procedure for which the demand is expected to rise [4, 12, 15, 23] . A better understanding of mortality after revision THA is thus an important priority. Mortality studies to date after revision THA have largely focused on short-term mortality [3] . For example, a recent study from the Danish Hip Arthroplasty Register found a twofold higher risk of death within the first year after revisions for periprosthetic joint infections [9] . Numerous factors hinder the study of longer-term outcomes in the revision THA populations, particularly lack of large, welldocumented cohorts with long-term followup data. Using an institutional joint registry, we therefore investigated survivorship trends in a large cohort of patients who underwent revision THA.
Our specific goals were to examine (1) long-term mortality according to reasons for revision after revision THA, and (2) relative mortality trends by age at surgery, years since surgery, and calendar year of surgery.
Methods

Study Design and Setting
We performed a retrospective study using data from our institutional joint registry from 1969 to 2011. The study was approved by the Mayo Clinic institutional review board. Patients who had declined research authorization for use of their medical records in research had less than 5% of procedures and were excluded from the study. There were no other exclusion criteria. The final study cohort comprised 5417 revision THAs in 4532 patients between January 1, 1971 and December 31, 2011. The 5417 revision THAs included first time and subsequent revisions. December 2011 was chosen as the end date to allow sufficient followup of the study cohort. Of the 4532 patients, 3820 (84%) had only one revision THA at our institution. The remaining 712 patients had two or more revision THAs, regardless of laterality (ie, 574 had two, 112 had three, 23 had four, three had five, and one had six revision THAs).
Description of Experiment, Treatment, or Surgery
Demographic and THA-related clinical data were obtained from the joint registry and associated patient records. Data elements included comorbidities, clinical and operative details, including surgical indications for revision and operative date. Comorbidities were ascertained for each patient at the time of revision surgery using an electronic adaptation of the comorbidity index developed by Charlson et al. [5, 6] . Our institution has a long history of coding medical and surgical diagnoses starting with the in-house Patients who had revision THA were grouped by surgical indication in three categories: aseptic loosening, bearing wear, or dislocation; periprosthetic joint infection; and periprosthetic fracture. The indications for the 5417 revision THAs were 3833 (71%) revisions for loosening, wear, or dislocation; 938 (17%) revisions for periprosthetic joint infections; and 646 (12%) revisions for periprosthetic fractures. In the 3833 revisions for loosening, wear, or dislocation, there were 97 (2.5%) revisions with joint instability as the main surgical indication. Given the small size of this subset, patients with instability or dislocation were combined with patients with other aseptic, atraumatic indications of aseptic loosening and bearing wear. The outcome of interest was death, which is an outcome at the patient level. Therefore, individuals with multiple revised THAs (regardless of laterality) were counted only once, and surgical indications were classified hierarchically. In individuals with multiple revision THAs, if all of the revision procedures were for aseptic loosening, wear, or dislocation, then that patient was classified as having aseptic loosening, wear, or dislocation. If at least one of the revision surgeries was for fracture or periprosthetic joint infection, then that patient was classified as having fracture or infection, respectively. Patients who had revisions for infection and periprosthetic fracture were classified as having periprosthetic joint infection. This resulted in 3045 patients classified as having aseptic loosening or wear, 592 classified as having fractures, and 895 classified as having periprosthetic joint infections (total 4532 patients). The mean age of the entire cohort was 65 6 13 years and 55% were males.
Aftercare
Patients were followed (either through a visit at the Mayo Clinic or by mail communication from local orthopaedists) at regular intervals at least twice during the first postoperative year, at 2, 5, 7, and 10 years, and at 5-year intervals thereafter until death or December 31, 2016. Deaths were recorded regardless of joint-specific registry followup. Mean followup of the entire cohort was 10.2 years (range, 1 day-37.2 years). At the time of the study, more than half of the cohort were deceased (2565; 57%) and 1967 (43%) were still alive and under observation.
Statistical Analysis, Study Size
Statistical analyses were performed for the cohort that had revision THAs as a whole and for each surgical indication category. Mortality rates were evaluated using a person-years approach, in which the observed number of deaths in the revision THA cohort was compared with the expected number of deaths during the followup period. This approach also was applied to the surgical indication categories. Because 97% of patients with recorded race data were white, life tables for the United States white population were used to generate the expected survival. The expected number of deaths was calculated assuming that the study cohort had the same calendar year-, age-, and sex-specific mortality rates as the United States general white population. The expected number of deaths was calculated for each calendar year, age, and sex strata and then summed to derive the total expected number of deaths. The ratio of observed to expected number of deaths was expressed as the standardized mortality ratio (SMR). SMRs were calculated for the entire revision THA cohort and for each surgical indication category. The CIs for the SMRs were calculated assuming that expected mortality rates were fixed and that observed deaths followed a Poisson distribution. Although the analysis was conducted separately for men and women, there were no sex-specific significant differences. Therefore, results are presented for men and women combined. In the calculations of the SMR for temporal trends, only events and person-years of exposure during the followup window of interest were considered. Poisson regression models were used to model relative mortality by age, time since surgery, and calendar year of surgery. Kaplan-Meier curves for survival after surgery were adjusted for age and sex. Cox proportional hazards regression was used to evaluate the association of survival and potential risk factors, including the number of revision surgeries. All analyses were performed using SAS Version 9.4 (SAS Institute Inc, Cary, NC, USA) and R version 3.2.0 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria).
Results
Long-term Mortality Risk By Indication After
Revision THA During a mean 10.2 6 7.0 years followup of the entire cohort, we identified 2565 deaths. Comparison of the ageand sex-adjusted death rates in the three groups indicated that the highest age-and sex-adjusted death rate in the first year was among patients with periprosthetic fractures, with 2.0% deceased at 6 months and 3.5% at 12 months (Table 1 ). In contrast, among patients with aseptic loosening, wear, or dislocation-related THA revisions, the death rate was 0.7% at 6 months and 1.5% at 12 months. Among patients with periprosthetic joint infection-related revision THA, although the death rate within the first 6 months was twice as high as for patients with aseptic revisions (1.4% at 6 months), it remained lower than the rate for the fracture group. By 5 years, the age-and sex-adjusted death rate among patients with periprosthetic joint infections (16.0%) reached the same magnitude as for patients with periprosthetic fractures (17.5%). Beyond 10 years, the death rate remained highest among patients with periprosthetic joint infections (65.5% at 15 years and 81% at 20 years). The death rate among patients with aseptic loosening, wear, or dislocation caught up with the other two groups beyond 15 years and 75% of these patients were deceased at 20 years.
Compared with individuals in the general population, the overall mortality rate of patients with revision THAs was significantly higher (SMR, 1.09; 95% CI, 1.05-1.13; p < 0.001) ( Table 2 ). There were notable differences across the three surgical indication subcategories. The relative mortality rate was similar to mortality in the general population among patients who underwent revision THA for aseptic loosening, wear, or dislocation (SMR, 1.01; 95% CI, 0.96-1.06; p = 0.647). The relative mortality rate was significantly higher than that of the general population among patients who underwent revision THA for periprosthetic fractures (SMR, 1.23; 95% CI, 1.11-1.37; p < 0.001) and for periprosthetic joint infections (SMR, 1.35; 95% CI, 1.24-1.48; p < 0.001).
In terms of comorbidities, the mean (SD) Charlson score at the time of surgery was 2.96 (6 1.93) in the aseptic loosening, wear, or dislocation cohort, 3.22 (6 2.34) in the periprosthetic fractures cohort, and 2.99 (6 2.16) in the periprosthetic joint infections cohort. Although not statistically significant (p > 0.05), patients with periprosthetic joint infections had the highest prevalence of diabetes with or without organ damage (15% versus 11% in patients with fractures and 10% in patients with aseptic loosening, wear, or dislocation), chronic pulmonary diseases (12% versus 10% in patients with fractures and 8% in patients with aseptic loosening, wear, or dislocation), rheumatologic diseases (9% versus 7% in patients with fractures and 6% in patients with aseptic loosening, wear, or dislocation), and cancer (9% versus 7% in patients with fractures and 8% in patients with aseptic loosening, wear, or dislocation).
Relative Mortality Trends
The relative mortality trends are provided by age at surgery (Fig. 1 ) (see Appendix, Supplemental Digital Content 1), years since surgery (Fig. 2 ) (see Appendix, Supplemental Digital Content 2, and calendar year of surgery (Fig. 3 ) (see Appendix, Supplemental Digital Content 3). Relative mortality rates were higher than for the general population in younger age groups until approximately 60 to70 years of age and declined with increasing age at surgery (Fig. 1) . This pattern was observed in all three indication groups. For example, among patients who underwent revision THA for aseptic loosening and/or wear, the relative mortality rate remained higher than that for the general population until approximately 70 years of age, with an SMR of 1.09 (95% CI, 1.04-1.14) at 70 years. Among patients with periprosthetic joint infection, the relative mortality rates remained significantly higher than those for the general population throughout the entire age spectrum as evidenced by confidence intervals not including 1.00 except in the very elderly.
The mortality rate during the first year of surgery was lower than that of the general population among patients with aseptic and atraumatic revisions (Fig. 2) . However, the relative mortality rate of these patients increased with time and we observed a shift at approximately 8 to 10 years after surgery. The SMR was 0.85 (95% CI, 0.82-0.88) at 5 years and 1.19 (95% CI, 1.14-1.23) at 10 years. The relative mortality rate of patients who had revisions for infections and fractures was higher than that for patients with aseptic and atraumatic revisions throughout entire time. We also observed an early rise in mortality in the fracture and periprosthetic joint infection groups with SMRs of 1.16 (95% CI, 1.10-1.23) and 1.25 (95% CI, 1.19-1.31) respectively at 5 years.
The relative mortality rates according to calendar year of surgery also differed across the three groups (Fig. 3) . Most notably, the relative mortality rate in the aseptic loosening revision group showed almost a linear decline with time, indicating steady mortality improvements with time. We did not observe a similar improvement in mortality for the other two groups. Although the visual inspection of the relative mortality in the fracture and infection groups appear to have worsened with time, this was not significant (p < 0.05).
Finally, we found no evidence that the number of revisions is a significant predictor of mortality (p = 0.662) in an age-, sex-, and calendar year-adjusted Cox model.
Discussion
The survival advantage after THA is well documented. This is attributed primarily to preoperative screening and selection of healthier individuals for THA. However, it is unknown whether the survival advantage persists after revision THA. We investigated long-term mortality trends in a cohort of 4532 patients who had undergone revision THA during the last 5 decades at a tertiary care hospital in the United States. Our study indicates that patients who Copyright Ó 8 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.
undergo revision THA for aseptic indications experience a lower risk of death compared with the general population during the first year after surgery, but the risk increased with time and got worse than that of the general population after 8 to 10 years after surgery. However, patients who undergo revision THA for infections and fractures experience a significant excess risk of death during the first year of surgery that persists several years after surgery. Our study also provides evidence for secular improvements in mortality after revision THA for aseptic indications, but not for infections and fractures. These findings reinforce the need for long-term followup of patients undergoing THA, not only for implant survival but overall health. Our study has several potential limitations. First, although we accounted for all revision THAs at our institution, this is an incomplete account of the total number of procedures for each patient. Patients may have had revisions before and/or after receiving care at our institution (on the same joint or the contralateral joint). Therefore, the lack of a significant association with the number of revisions in this cohort should be interpreted with caution. Second, any categorization of patients by surgical indication must deal with numerous challenges. For example, many patients have multiple procedures and some may have revisions for multiple indications. Patients may have one revision for aseptic loosening and a subsequent revision for infection on the contralateral joint. Despite these limitations, our overall findings suggest that the surgical indication may be a more-important driver of revision THA mortality than the number of revision surgeries. Third, the cohort was assembled retrospectively at a large tertiary care hospital and may not be representative of all patients having revision THA in the United States owing to differences in ethnicity, socioeconomic status, and healthcare access. The generalizability of our findings to ethnically, racially, and socioeconomically more-diverse populations is unknown. Fourth, this study extends over four decades and THA surgical practice evolved with time. Surgeons in the current era may be more aggressive than in the past in operating on patients with multiple comorbid conditions. Finally, we were unable to compare our patient comorbidity data with that of the general population as it was not feasible to obtain national mortality data by comorbidity groups. In a long-term mortality study, comorbidities at the time of surgery are an incomplete account of the lifetime comorbidity burden in these patients. Fig. 1 The revision THA cohort is separated by surgical indication in aseptic loosening and/or wear, fracture, and infection. Each surgical indication group is represented by a line. The dotted horizontal line at a relative mortality rate of 1 represents a relative mortality rate equivocal to that of the general population as matched by age and sex. Relative mortality above the dotted line at 1 indicates that risk of mortality is higher than that of the general population. Relative mortality below the dotted line at 1 indicates that the risk of mortality is lower than that of the general population. Fig. 2 The revision THA cohort is separated by surgical indication in aseptic loosening and/or wear, fracture, and infection. Each surgical indication group is represented by a line. The dotted horizontal line at a relative mortality rate of 1 represents a relative mortality rate equivocal to that of the general population as matched by age and sex. Relative mortality above the dotted line at 1 indicates that risk of mortality is higher than that of the general population. Relative mortality below the dotted line at 1 indicates that the risk of mortality is lower than that of the general population.
An early survival advantage was confirmed in our revision THA cohort for patients who underwent surgery for aseptic indications other than periprosthetic fractures. A previous investigation showed a mean time to revision THA of approximately 7 years after a primary THA [23] . Given that previous studies of primary THA have found a postoperative survival advantage of 5 to 8 years [1, 10, 13, 14, 16, 18-20, 22, 24, 25] , many patients in our revision THA cohort may have already passed beyond the window in which an additional survival advantage would be observed. Rather, our findings suggest a high likelihood of patient selection at the time of revision surgery, similar to the observed effect in primary THA. Alternatively, improved functional status may contribute to the decreased mortality risk in patients undergoing revision THA for elective aseptic loosening, wear, or dislocation [1] . In contrast, patients with periprosthetic joint infection and fracture have not experienced the same selection advantage, as they often are emergent rather than elective surgeries with longer operative times and multiple stages. Further studies are warranted to understand whether the observed mortality patterns are purely attributable to selection bias or if other factors such as comorbidities, surgery effects, and healthcare utilization play an important role.
Notably, patients who undergo revision THA for periprosthetic joint infection have the highest mortality risk and the excess risk persists for years after surgery. This pattern is consistent with that reported in a previous study [9] , and likely is attributable to associated comorbidities and risk factors in patients with periprosthetic joint infection. For instance, obesity is a risk factor for periprosthetic joint infections, and the risk of infection increases notably with increasing BMI [7, 17, 26] . Other associated risk factors for periprosthetic joint infection such as diabetes mellitus, cardiovascular disorders, and substance abuse may contribute to excess mortality [7, 17] . Our comorbidity analyses confirm the higher comorbidity burden in patients with periprosthetic joint infections, with 15% prevalence of diabetes, 12% chronic pulmonary disease, and 9% each of rheumatologic diseases and cancer. Consequently, the excess mortality rates among patients with periprosthetic joint infection are likely attributable to their overall level of health in addition to the revision procedure.
Our examination of mortality trends by age showed that relative mortality is high in younger patients. This is similar to what has been reported in patients having primary THA [16] . Patients undergoing surgery at a younger age can have important comorbidities, such as inflammatory arthritis, and therefore may have a higher mortality risk. Second, relative mortality trends by time since surgery indicate that relative mortality is approximately 50% lower than that of the general population among patients with aseptic revision surgeries, and that this survival advantage persists for at least 8 years after surgery. This pattern also been has reported for patients having primary THA [16] . However, for patients who underwent surgery for infection, the relative mortality rate is high even during the first year after surgery. Third, we observed steady declines in mortality risk during the last 2 decades after surgeries for aseptic indications. Again, this is similar to the secular mortality declines previously reported following primary THA [10, 16] , and attests to improvements in surgical techniques and perioperative care. Lack of a similar secular decline for infection and fracture revision indications is possibly attributable to their nonelective nature, the extent of the surgical procedures, or a combination of these and other undetermined factors Secular declines in mortality risk for the majority of patients having revision THA are reassuring. However, patients undergoing revision THA for periprosthetic joint infections continue to experience a higher mortality risk even several years after surgery. Shifting mortality patterns several years after surgery reinforce the need for long-term followup, not only for implant survival, but for overall health of patients having THA. Fig. 3 The revision THA cohort is separated by surgical indication in aseptic loosening and/or wear, fracture, and infection. Each surgical indication group is represented by a line. The dotted horizontal line at a relative mortality rate of 1 represents a relative mortality rate equivocal to that of the general population as matched by age and sex. Relative mortality above the dotted line at 1 indicates that risk of mortality is higher than that of the general population. Relative mortality below the dotted line at 1 indicates that the risk of mortality is lower than that of the general population.
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